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Abstract 
This study presents a comprehensive analysis of costs and benefits of technologies based on cold plasma for the removal of sulfur 
and nitrogen oxides of flue gases. Assessment is based on welfare economics and seeks to include all relevant costs and benefits 
to evaluate the net social benefit of a project. A plasma unit installed in a CHP plant was used as the case study for this study. 
Results obtained from the study showed that the use of plasma technology is not financially viable unless all economic, social 
and environmental costs and benefits for all parties affected by the project are included. Compared to alternative flue gas 
treatment technologies, plasma proved to be more economically attractive if capital expenditures and operating costs were taken 
into account. 
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1. Introduction 
Air pollution is among the most crucial environmental problems causing a significant number of serious 
problems for the environment, human health, infrastructure and other systems. Exponential growth of the population 
demands more production of goods and leads to higher energy consumption. Fossil fuels burned in power plants are 
a source of global warming, smog, acid rain, and toxic air pollution. The process of burning fossil fuels releases into 
the atmosphere such pollutants as nitrogen oxides, carbon dioxide, sulfur dioxide, particulate matter, volatile organic 
compounds, and mercury. The most effective way to reduce these emissions is to install flue gas treatment 
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technologies. Yet the willingness of policy makers to regulate air pollution is challenged by the economic and 
financial impact of this regulation. 
One of flue gas treatment technologies gaining its power during the last decades is plasma. Plasmas are known to 
be utilized for various environmental applications. These applications mostly include fields of air pollutant 
treatment, wastewater and drinking water decontamination, and thermal disposal of solid waste. The non-thermal 
plasmas used for environmental applications are mainly high-pressure discharges, such as DBDs, pulsed corona 
discharges and dielectric packed bed reactors [1 – 6]. 
The main goal of this study is a comprehensive analysis of costs and benefits of technologies based on cold 
plasma in the areas of removal of sulfur and nitrogen oxides from flue gases. 
2. Methodology 
The most widely adopted technique for economic appraisal is cost-benefit analysis (CBA).The main task of cost-
benefit analysis is to determine whether a particular investment or technology is effective in economic terms. The 
economic effectiveness of the investment or technology is calculated as follows: 
1. The financial efficiency. The financial efficiency of investment, reduced most often to determine the basic 
dynamic financial performance indicators, taking into account the time value of money: 
x Net present value (NPV) - specifies the cumulative value of all cash flows related to the implementation and 
operation of the technology in a given period, after taking into account the time value of money. NPV is 
defined by the formula: 
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where:  
CFt - cash flow in period t; 
r - discount rate; 
I0  - initial investment; 
t – life time of the investment. 
 
x Internal Rate of Return (IRR) is another method of assessing the economic efficiency of investment and is 
the discount rate for which NPV indicator takes the value 0. 
x The benefit/cost ratio (B/C) – This ratio is the ratio of the discounted income/benefits over the discounted 
investment costs associated with its implementation and operation of the reference period.  
 
2. Economic efficiency. In determining the financial performance of the investment or technology, only the cash 
flows occurring in the entity performing the investment project are taken into account. The economic analysis 
takes into account the benefits and costs from the perspective of a wider area – the region, country or the 
European Union. The starting point for the analysis of economic efficiency of investment or technology is the 
financial analysis. To determine the economic efficiency, it is necessary to perform: 
x Correction of the financial flows of the so-called fiscal effect and flows which are transfers in nature.  
x Calculation and monetization of costs and benefits of economic, social and environmental impacts.  
 
The main benefits after implementing the plasma technologies are: avoided payments for air pollution, avoided 
external costs, health benefits. Basic information about taxes for pollution, administration and capital costs, etc were 
used for the cost calculation. However, other effects on environmental media which act as pollutant sinks, such as 
the atmosphere or watercourses, are regarded as externalized costs and are excluded from the analysis [7, 8]. 
Cost-benefit analysis (CBA) of investment projects is demanded by the EU Regulations for Structural Funds 
(SF), Cohesion Fund (CF) and Instrument for Pre-Accession countries (ISPA). [9] 
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3. Case study 
Electron beam flue gas treatment (EBFGT) technology has been used in this study. The main advantages of 
EBFGT process are: (1) SO2, NOx and VOCs are removed simultaneously with high efficiency; (2) it is a dry 
process; (3) process control needs little effort; (4) the pollutants are converted into fertilizers; (5) only three 
parameters need to be controlled: flow rate of water, flow rate of ammonia and electron beam current; (6) 
comparably low capital and operating costs; (7) small space required. [10] Electron beam flue gas treatment 
technology for coal-fired boilers has been implemented on an industrial scale in the thermal power plants Chengdu 
and Hangzhou in China and Electro Power Station Pomorzany in Poland (see Table 1).  
Table 1. EBFGT industrial plants operation and costs data [10] 
Parameter 
Industrial plants 
Chengdu
(1998) 
Hangzhou 
(2002) Beijing (2005) 
Pomorzany 
(1998) 
Boiler power MW 90 90 150 130 
Flue gas flow Nm3/h 300000 305400 630000 270000 
Inlet SO2/NOx conc. Ppm 1800/1400 967/200 1470/583 525/292 
Outlet PM conc. mg/Nm3 <200 <200 <190 <50 
SO2/NOx  removal eff. % 10í80 85/55 90/20 90/70 
Inlet flue gas temp. °C 132 150 146 130í150 
Dose kGy 3 4 4 8í12 
Electron accelerator (kV/mA)·no. (800/400)·2 (800/400)·2 (1000/500)·2 (1000/500)·1 (800/300)·4 
Power consumption (acc.power/total 
power) kW 640/1900 640/1896 1300/2850 1000/2500 
By-product (fertilzer) t/h 2.3 1.7 4.9 0.3 
Total capital cost M€ 8.02 8.02 8.37 14.77 
Unit capital cost €/kWe 88.97 88.97 55.91 112.53 
Unit operation cost €/ton SO2 84.45 84.45 39.27 746.72 
 
The case study is carried out for EBFGT technology used in cogeneration plant Pomorzany in Poland with 
installed electric capacity 120MW. This is a dry-scrubbing process of simultaneous SO2 and NOx removal, where 
irradiation of stack gases with an electron beam induce chemical reactions that make removal of SO2 and NOx 
easier. The energy of incident electron beam is absorbed by components of stack gas in proportion to their mass 
fraction. The main components of stack gas are N2, O2, H2O and CO2, with much lower concentrations of SO2 and 
NOx. Electron energy is consumed in the ionization, excitation and dissociation of the molecules and finally in the 
formation of active free radicals – OH, HO2, O, N and H. These radicals oxidize SO2 and NO to SO3 and NO2 which 
in reaction with water vapor, present in the stack gas, form H2SO4 and HNO3, respectively. These acids 
subsequently react with added ammonia (injected to the stack gas before its inlet to the process vessel) to form 
ammonium sulfate and ammonium sulfate-nitrate. These salts are recovered as a dry powder using a conventional 
particle collector. The collected powder can be marketed as an agricultural fertilizer or as a component of the 
commercial NPK or NPKS fertilizers [10]. 
The following assumptions are made for financial analysis: (1) the reference period of analysis: 15 years; (2) 
discount rate: 5.5 %; (3) investor that can deduct the value added tax (VAT) on capital expenditure and operating 
costs; (4) the share of wage costs in capital investment – 10 %; (5) the share of wage costs in operating costs – 10 %. 
To determine the fiscal effects, the Polish fiscal system and social security system have been adopted. The following 
assumptions, based on Pthe olish fiscal system and social security system, have been made: (1) average net income 
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rate for companies – 10 %; (2) tax rate for companies is 19 %; (3) average share of social security contributions in 
wages is 30.4 %; (4) average share of income tax in wages is 10 %, and (5) emission tax for one ton of NOx is 125 
EUR. 
To perform economic efficiency calculations, the fiscal effect and transfer payments’ adjustments were carried 
out. As the investor is liable for VAT, capital expenditures and operating costs are net prices. Therefore, there is no 
need to adjust capital expenditures and operating costs of VAT. Thus, adjustments were made only for income tax 
from individuals and legal entities, and social security contributions. For income tax, the following assumptions are 
made: (1) the share of wage costs in capital expenditure is 10 %; (2) the share of wage costs in operating costs is 10 
%; (3) the average profit companies providing technology (investment) and providing services associated with the 
operation of infrastructure (operating costs) is 10 %, and (4) the share of social security contributions and health in 
the cost of salaries is 30.4 %.  
Cumulative avoided external costs are calculated as avoided costs of both environmental damage and the 
greenhouse effect. Total average external cost on a kWh of electricity generated in Poland is 0.12 EUR [11].  
The benefit of employees directly involved in the implementation and operation of the plant is calculated as 
increase in wages. It is estimated based on the share of wage costs (in net terms) in the total cost. In total, this 
benefit was estimated at 842 thousand EUR during the investment phase and at 35.3 thousand EUR annually during 
the operational phase. 
 Another group of beneficiaries of the project are contractors and subcontractors who receive additional income. 
In total, this benefit was estimated at 1 196 thousand EUR during the investment phase and at 50.2 thousand EUR 
annually during the operational phase. 
The multiplier effect of investment spending in the vicinity of the project is calculated as both the employees 
with additional income as well as contractors and subcontractors, will spend part of the income made in companies 
in the region. It is assumed that the multiplier effect will bring an additional benefit of 5 % of the net cost of 
investment, i.e. a total of 697 thousand EUR. 
4. Results 
Figure 1 shows discounted net cash flow during the life time of the EBFGT plant. The financial analysis results 
show that cash flow is negative throughout the life time. This is due to the benefits of reducing environmental 
charges related to the reduction of sulfur oxides, nitrogen oxides and volatile substances that are not included into 
the calculation. Thus, the calculation of the indicators IRR and B/C cannot be performed because there is no internal 
rate of return on investment and the ratio B/C takes the value 0. The situation is slightly better if the financial flows 
are adjusted for the effect of fiscal and transfer payments but still cash flow is negative and IRR and B/C cannot be 
evaluated. 
 
 
Fig. 1. Discounted cash flow with different assessment methods for EBFGT unit. 
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If the economic efficiency of investment is calculated, the cash flow is positive and the NPV value for the project 
is 47,140 thousand EUR while the economic internal rate of return is 51.8 % and C/B ratio is 3.4. The values 
obtained indicate that the project is economically efficient. 
Compared to other flue gas treatment such as combination of both wet flue gas desulphurization (WFGD) and 
selective catalytic reduction (SCR) EBFGT has lower investment and annual operation costs. Average investment 
costs for EFBGT are 113 EUR/kWe while WFGD and SCR requires 162 EUR/kWe. Annual operation costs for 
EBFGT comprises 5167 EUR/MWe but for WFGD and SCR it is 5343 EUR/MWe. [10] 
5. Conclusions and Discussions 
Today, one of the central EU environmental issues is air pollution caused by the energy sector. Sulphur dioxides, 
nitrogen oxides, carbon dioxide and other emissions causing both local environmental pollution and global warming 
are an inevitable by-product of energy production.  This is a great challenge to both policy- and decision-makers as 
they have to face complex nature of economic, technical, environmental, and social perspectives.  
This study demonstrated that cost-benefit analysis is an effective analytical tool that allows policy and decision 
makers to estimate financial, social and environmental importance of flue gas treatment technologies.  
EBFGT unit installed in CHP plant (120 MW electricity) in Poland was used as the case study for this study. The 
proposed method was used to evaluate the financial and economicl efficiency of EBFGT technology. Results 
obtained from the study showed that the use of EBFGT technology is not financially viable unless all economic, 
social and environmental costs and benefits for all parties affected by the project are included. Compared to 
alternative flue gas treatment technologies, such as combined catalyst and wet scrubber systems, EBFGT showed to 
be more economically attractive if capital expenditures and operating costs are taken into account.  
Acknowledgements 
We gratefully acknowledge funding support from the European Union BSR programme (European Regional 
Development Fund) in the scope of project “Dissemination and fostering of plasma based technological innovation 
for environment protection in the Baltic Sea region (PlasTEP)”. We are also thankful to Mr. Zbigniew Barski for 
providing information for the case study.
References 
[1] Bogaerts A., Neyts E., Gijbels R., Mullen J. Gas discharge plasmas and their applications. Spectrochimica Acta Part B 2002;57:609–658. 
[2] Chang J. S. Next generation integrated electrostatic gas cleaning systems. Journal of Electrostatics 2003;57:273–291. 
[3] Kim H. Nonthermal Plasma Processing for Air-Pollution Control: A Historical Review, Current Issues, and Future Prospects. Plasma 
Processes and Polymers 2004;1(2):91–110. 
[4] Muller S. and Zahn R. J. Air Pollution Control by Non-Thermal Plasma. Contributions to Plasma Physics 2007;7:520–529. 
[5] Malik M. A., Ghaffar A., Malik S. A. Water purification by electrical discharges. Plasma Sources Science and Technology 2001;10:82–91. 
[6] Northspan Group, Inc. Aitkin country plasma gasification study 2008:1–32. 
[7] Wathern P. Environmental Impact Assessment. Theory and practice. London: Routledge. 1990, p. 365. ISBN 0-415-33837-9. 
[8] Glasson, J.; Therivel, R.. Intoduction to Environmental Impact Assessment, Third Edition. London: Routledge 2005:332.  
[9] Commission of the European Communities. Guide to cost-benefit analysis of investment projects 2008. 
[10] Calinescu I., Ighigeanu D., Martin D., Bulearca A. Electron beam technologies for reducing SO2 and NOx emissions from thermal power 
plants, WEC regional energy forum – Foren 2008. 
[11] EN35 External costs of electricity production, European Environmental Agency, November 1, 2008. 
 
